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ABSTRACT

An advanced feedback control strategy for a vapor-phase
axial deposition (VAD) is investigated in this paper. VAD is a
widely used process in the creation of high purity glass for
optical fiber. In previous work a soot tip surface temperature
controller was developed for the VAD process to reduce the
effects of core soot temperature variation on deposition
geometry, leading to a more stable process. However, it is
desired to regulate both the core soot and clad soot deposition
such that they deposit at the same axial rate to provide a more
uniform product. This paper presents the design and
development of a cascaded controller strategy and process
model to couple and regulate the surface temperature and
deposition rates of core and clad soot. Simulation studies
demonstrate a potential improvement in the uniformity of the
core and clad soot geometry over the soot product length.

NOMENCLATURE
A Area, effective heat flow normal area
D Clad diameter of preform
d Core diameter of preform
Geore Core axial deposition function
Grenera Core tip length function
Gp Plant transfer function 4H, to Tcore
Gp; PI controller transfer function
Gremp Core temperature function
kg Thermal conductivity
K; Integral gain
K, Proportional gain
Lcore Length of core soot tip
Ly Initial length of core substrate soot tip
PI Proportional, integral control

Pull speed Rate of preform deposition axial growth
qcLap,ss Heat flow from clad substrate
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Ocrap Volumetric deposition rate of clad torch
Tcoreo Core soot substrate temperature initial
Tcore Core soot substrate temperature

Tcrap Clad soot substrate temperature

VAD Vapor-phase Axial Deposition

X cons Core soot axial growth rate, or pull speed
X i Clad soot axial growth rate

§ Heat flux (constant)

AH(s) Hydrogen flow rate change to core torch
AL Change in length of core soot section

ATcore 1envern Core substrate temperature change from
core tip length change

INTRODUCTION

This paper proposes a process control improvement for a
vapor-phase axial deposition (VAD) process, a commonly used
multi-step process for the manufacture of high quality glass for
optical fiber. The process deposits a glass soot mixture of
silicon-dioxide and germanium-dioxide to create the light guide
core and cladding around the core. It is desirable to maintain
consistent core and clad geometry throughout the
manufacturing process to create a high performance optical
fiber product for high bandwidth data transmission. Common
practice in the VAD process is for the core and clad soot
deposition rates, as well as the related surface temperature, to
run essentially open-loop while regulating constant flow rates
of gases and chemicals to the deposition torches. This situation
yields varying diameters of core and clad soot regions reducing
the usable length of the final glass and lowering product yield.

VAD was invented at NTT Laboratories in Japan and is the
dominant process for Japanese manufacturers of optical fiber.
VAD is an improvement of the Corning OVD (outside vapor
deposition) process [1,2]. The VAD process has been the
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subject of previous studies (Refi [3], Choi [4], MacChesney
[S]). However, developments in modeling and control of the
process are still actively pursued in industry [6].

This work focuses on the glass soot creation step in the
VAD process. Soot making and deposition are typically
accomplished via two torches in a vertical process chamber
with a rotating chuck (Fig. 1). A core torch creates circular
inner core soot from a mixture of germanium-dioxide, silicon-
dioxide, oxygen, and fuel (typically hydrogen). A pure silicon-
dioxide soot layer is concurrently deposited from a second
(clad) torch, as part of the final cladding around the core. The
germanium-dioxide component of the core region increases the
refractive index of the light guide core over the index of the
surrounding cladding glass in the resulting optical fiber. (Basic
glass chemistry and flame hydrolysis reactions for the glass
process in VAD are reviewed in several references [3, 4, 7]).

The rotating chuck moves upward as glass soot is
deposited to form a ‘preform’. The preform moves upward by a
control loop using laser light to indicate the core tip position.
As the soot core tip grows from deposited soot, it blocks the
light signal causing the servo stage to move upward. This
upward movement is commonly referred to as pull speed. The
pull speed is a result of position control to keep the bottom of
the core tip in the same location as the soot preform grows.
Thus, the pull speed is the core soot deposition axial growth
rate. In contrast, the cladding growth is not controlled. After the
soot preform has reached the design length (Im or larger), a
sequential sintering operation is used to consolidate the glass
soot into a solid glass perform. It is then, nearly ready to draw
into optical fiber.

Chuck with
Soot / Starting Rod
Preform
Deposition Growth Rate
or Pull Speed
Core Tip
Clad
Torch v~ o =========7% gor.i.En(;
(Si0,) & osition Sensor
for Pull Speed
Core
Torch
(SiO, +GeO,)

Fig. 1: VAD process depicting core and clad torches
depositing glass soot onto the rotating preform. The
core tip position is held constant causing the preform
and chuck to move upward.

PROBLEM DESCRIPTION

VAD Processing Background

Common practice in VAD processing is for the core and
clad soot deposition rates, as well as the related surface
temperatures, to run essentially open-loop. Each deposition
torch (core and clad) has regulated flow rates of chemicals and
gases (determined a priori by trial and error). While the goal is
to perfectly match the deposition rates of the clad and core
torches, it is rarely accomplished. The core region may grow
faster than the clad, or vice versa. In addition, the soot preform

core tip length may grow or shrink relative to the cladding,
making the diameter ratios of the clad to core (D/d) vary. This
(D/d) variation results in a less uniform product requiring
additional processing and increasing waste. These diameters
and variations can be visualized in Fig. 2. Final soot preforms
show open-loop process variation as indicated by the non-
uniform or tapering outside diameters (D) or varying length
core tips.

Yp— p— .

IV

Fig. 2: Variation in soot outside dlameters and core
tip length. (Core tip diameters depicted are nominally
40-mm.)

Length changes of the core tip with time indicate that the
core and clad torch deposition rates are mismatched. Keeping
the core tip length constant will be the goal of the process
control strategy developed in this paper. Proper control will
force soot growth rates for the core and clad to be matched and
will also result in a constant D/d ratio. As depicted in Fig. 3, the
core tip length (Lcorg) can be determined by the time integral
of the (deposition) growth rates of the core and clad sections of
the soot preform, x and x respectively , Eq. (1).

CORE CLAD °

Soot
Preform

______ l_ E Lcore=Core Tip Length
X CLAD .

Clad X CORE

Growth Rate (o0 Growth Rate

Fig. 3: Core and clad growth rates for soot preform
creation.

The core soot substrate tip temperature can be used to control
the core deposition rate (pull speed) and ultimately the core tip
length (between the core and clad deposition surfaces). The
core deposition rate was shown to be controllable by the H,
flow to the core torch [8]. Therefore, control of the core tip
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length may be accomplished by slowing or increasing the rate

of the core deposition, x .., while leaving the clad deposition

rate constant.
Leoge =L, + [ X coppdt = [ X oyt €9

In earlier work a soot tip surface temperature controller was
developed for the VAD process to reduce the effects of core
soot temperature variation on deposition, leading to a more
stable process [8]. However, this approach did not address the
need to regulate and link the deposition rates of the core and
clad torches. If the core soot and clad soot deposit at the same
axial growth rate (pull speed) such that the core and clad
deposition surfaces maintain a constant distance between each
other, a more uniform product will result.

Presented in this paper is the design and development of a
controller to couple and regulate the core surface temperature
and the resulting core soot deposition rate. Simulation studies
of the process control demonstrate a potential improvement in
the uniformity of the core and clad soot geometry over the
preform length. It is noted that the clad deposition rate can be
measured by a variety of available, low cost devices, including
optical phototransistors or machine vision.

Soot Deposition Process Characteristics

As presented by Li [7], the crystalline structure for the
GeO, and SiO, soot mixture found in the core region is not
completed while in the deposition torch flame, and it has been
shown to be dependent on the substrate temperature. The GeO,
structure of the mixture is all crystalline below 400°C. The
GeO, soot deposited between 500°C and 800°C has a linearly
increasing percentage of non-crystalline forms of GeO, mixed
with the SiO,. The non-crystalline forms of GeO, have a higher
soot density which causes the axial speed of core soot growth to
decrease given constant mass flow rates of GeCl, and SiCly to
the torch. This phenomenon has been observed in experiments
that show changes in pull speed corresponding to changes in the
core substrate temperature; see Fig. 4. The resulting
approximately linear relationship between pull speed and
substrate temperature can be utilized to provide a model for a
control scheme. Pull speed (core soot axial growth rate) may be
changed by core soot substrate temperature.

When the core and clad axial growth rates are not equal,
two situations may occur. First, if the core growth rate is faster
than the clad rate, then the core tip length will grow and outrun
the clad causing a tapered effect on the cladding outside
diameter (see Fig. 2). As the core moves further away from the
cladding deposition location less heat is transferred from the
cladding to the core tip. The lower temperature of the core soot
substrate decreases the soot density and causes a faster core
growth rate (pull speed) for the core, aggravating the situation.

Another undesirable situation is when the clad growth rate
exceeds the core growth rate. When the cladding torch deposits
faster than the core torch, it causes the cladding surface to
engulf the core tip bulging the diameter. As the core tip length
is very short in this case, the heat flux from the clad deposition
increases as the core deposition surface approaches the core tip.
The density of the core soot increases with temperature causing

the core pull speed to continue to slow further. The system can
become somewhat unstable.
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Fig. 4: Experimental data for pull speed (core growth
rate) vs. soot perform core tip substrate temperature.
An approximately linear relationship exists between
pull speed and core tip temperature.

To address this mismatch of core and clad soot axial
growth rates a cascaded controller is proposed to change the
core deposition temperature set point to correct mismatched
growth rates of the core and clad torches. A diagram of the
desired cascaded control scheme is given in the functional
block diagram of Fig. 5.

Core Tlp G (S) XCL/\D XCORE.SI.m TCLAD
Lengthge;p. c Gpgs)
+ E Core TSET Er H2 vap 1 Toore
' VAD
O Tomperaures —— O Fow 4 0
Set Point + Control | wo-TTL ' o
- Controller T - XCORE
TCORE
Core Tip
Length

Fig. 5: Proposed VAD cascaded control scheme, with
an inner temperature control loop and an outer
control for core tip soot, to provide a more uniform
final product.

PROCESS MODEL DEVELOPMENT

Temperature and Deposition Modeling and Control

In order to gain insight into the process and explore
potential controllers, a model of the described VAD process
was needed. A temperature model (Eq. (2)) of VAD core
substrate as a function of H, flow to the core torch with a PI
controller (Eq. (3)) for the H, flow as input, Gp(s), developed
in earlier work [8], were employed as part of the system model
including deposition rates.

Alcons.n() _ _ 4 [Cmi); o)
AHZ(S) - GTEMP (S)_ S+ b m

where a=7.51,b=0.0778

G (s)=K {HK}I [1/°C/m]; 3)
? Kp s

where K/K,=0.065 and K,= 0.035
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The VAD process torch temperature model, provided in [8]
is expanded here to include the effects of the changing core soot
substrate temperature as a function of the core tip length. There
are several assumptions made in the development of the core tip
length model. The heat fluxes generated from both the clad and
core torches are assumed constant. This permits modeling of
the core substrate temperature as a function of the distance
between the heated clad substrate location and the core
substrate. As the clad torch gas and chemical flow rates are
substantially higher than the core torch (approximately an order
of magnitude), the temperature of the clad soot deposition
location is treated as unaffected by its proximity to the soot core
tip (core deposition location). The core torch has little influence
on the clad deposition rate, as can be seen in Fig. 6. Based on
these assumptions a suitable VAD Process model can be
developed to address core substrate temperature changes and
core tip growth. It should be noted that the thermal model
presented here is a highly simplistic model without complex
thermal boundary conditions, required in a rigorous thermal
analysis. The model is designed to provide basic insight into a
potential control scheme.

The clad torch produces a relatively constant temperature
(Tcrap) and heat flux (gcrapss) at the clad soot substrate
deposition location. The core substrate temperature Tcorg,
thermal conductivity, kry, and the core substrate tip length,
Lcore, are modeled applying the constant heat flux to the heat
conduction equation as follows: (Note: T 4p is higher than

Tcore)

< Ciad Torch

Core Torch

Fig. 6: Typical Core and Clad Deposition in VAD
Process.

Tepup =T,
q CL;D,SS _ kTH|: CLAZ CORE :| ~ constant = /3 “)
ss

CORE

The core tip length is variable and is expressed in Eq. (5).

Leoge =Ly +AL; Ly =50mm 5
Gerapss | L
Teore = Tepap — CLjffsS [;OREJ (6)
TH

Teore = Topin — M ; where S = constant (7
kTH

The core soot substrate temperature, Tcopg, may be viewed

as the superposition of the initial core temperature, Tcorg o, plus

the temperature change caused by the thermal resistance

variation, related to core soot tip length, ATcore rencra -

TCORE = TCORE,O + ATCOREfLENGTH (8)

L
where T CORE,0 — T cLap — % %TH

The temperature variation term, ATcorg renvoru is further
redefined by separating and equating the variational terms of
Eq (7) and Eq (8), ATCOREiLENGTH is given by Eq (9)

B(AL) 9)

AT core _LENGTH — X
H

where k7 is not constant. The thermal conductivity, of SiO, is
dependent on the soot structure and temperature. For a ceramic
structure the thermal conductivity is linear, as depicted in Fig.
7. A fit of the thermal conductivity vs. temperature data yields a
linear relation Eq. (10).

k,,, =0.83+(0.00105)T [%OK] (10)

where TZO.S(TCORE + TCLAD)-

2.2
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Fig.7: Thermal conductivity of ceramic SiO, [10].

Using Eq. (2) through Eq. (10) a simple thermal model can
be developed to represent the core substrate temperature as a
function of heat flux, clad temperature, core torch H, flow, and
core length.

VAD Process Model Diagram

A block diagram of the system model of the soot core and
clad temperatures including the core soot axial growth rate,
based on the previously discussed assumptions and presented
data, is provided in Fig. 8. This is the “VAD Process’ block of
Fig. 5.

X ope =210.46 —0.20783 - Ty (11

In Eq. (11), the core axial growth rate is expressed in units
of mm/h and the unit for temperature is °C.
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Fig. 8: System model block diagram of the core soot
substrate temperature and growth.

Deposition Model Response: Open Loop

A computer-based model was created with Simulink™
(MathWorks) based on the block diagrams of Fig. 5 and 8. The
function blocks Greyp, Greveru, and Georp are derived from
Eq. (2), Eq. (9), and Eq. (11), respectively.

Axial deposition growth rates (pull speeds) of 50 mm/h or
higher are common in industry [9]. Simulations performed had
intentionally mismatched axial growth rates for the depositions
of the clad and core torches (60-mm/h and 65-mm/h,
respectively). The core substrate temperature set point and
initial condition was 700°C while the clad substrate temperature
was a constant 850°C. The previously developed temperature
controller [8] was implemented to regulate core substrate
temperature. However, no control was initially applied to
regulate the core tip length, Lcorg, representing the original
open-loop system. As a result the core tip length grew linearly
from 40-mm to 60-mm over 4-hours of deposition, as expected
with the 5-mm/h mismatch in clad and core axial deposition
rates, and maintaining core substrate temperature. These results
are shown in Fig. 9.

o
o

Core Tip Length (mm)
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Fig. 9: Open-Loop response of VAD process: Core tip
temperature (top); core tip substrate temperature
(bottom). Mismatched axial deposition rates for the
core and clad torches are 65 and 60mm/hr,
respectively.

The starting diameters for the core and clad soot were 40-
mm and 200-mm, respectively. With the aforementioned
mismatched axial deposition rates, where the length of the core
was growing faster than that of the cladding, the resulting
outside diameter of the preform would narrow as the core tip

lengthened. This is attributable to the constant volumetric
flow rates through each deposition torch and a constant core
soot diameter , Eq. (12).

O = % (D2 -d’ )XCORE = constant (12)

For this particular geometry and scenario, the outer clad
diameter (D) is reduced to 192.5-mm from the original 200-
mm. Additional control is required to meet a process
specification of 1% variation on diameter.

CORE TIP LENGTH CONTROL

Control Design

To complete the cascaded control design, the outer control
loop for core tip length regulation must be established.
Although this deposition process is a coupled MIMO system,
the core tip length can be considered primarily a first order
system as a function of time (essentially an integral function),
dependent upon the mismatch of the clad and core axial
deposition rates. Considering the core tip length as a first order
system, proportional control of sufficiently high gain or a PI-
type controller should be adequate to regulate the system. Other
design considerations are the sampled system stability, sensor
noise, and allowable tolerance of the diameter deviation.

For the core tip controller negative gains were required due
to how the core tip length error affects the core tip growth.
When the core tip is too long, the core tip length error is
negative and reduces the temperature set point. The reduction in
temperature decreases soot density and further increases core
growth rate, making the situation worse. The correct controller
outcome reduces the soot density with an increase in core
substrate temperature set point for a negative length error.
Likewise, a decrease in the core substrate temperature set point
corresponds to a positive length error. Thus, a negative
controller gain is required to not have a ‘real’ positive feedback
situation.

An initial core length controller design was based on a
discrete root locus of the combined closed-loop temperature
control inner loop with the integral function for core tip length.
Fig. 10 depicts the discrete root locus for the open-loop core tip
length transfer function that includes the embedded closed-loop
temperature control based on Eq. (2) and Eq. (3), given a
sampling interval of 1 second. Using the data from Fig. 10, the
limits of the stability require an overall proportional gain of less
than 0.099, while a value of 0.073 (or lower) is required for a
maximum of 1% overshoot on core tip length. The former value
was selected. This value cannot be used directly as the overall
gain of the system without control must be included.

The overall gain of the forward loop for core tip length
without any additional control gain is 1.363(10)”. This value
was divided into the selected overall gain to yield the controller
proportional gain of 5355 °C/mm.

While proportional control alone should satisfy the control
and process requirement, the addition of integral control would
eliminate steady state error. The amount of integral control
necessary was dependent on the permissible settling for
reduction of the error and system stability. Root loci data for
stability limits with varying controller pole positions for a PI
controller are given in Fig. 11. From this plot the upper limits
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on the integral gain can be established at 0.25 for K,,. Root loci
were examined to determine the PI controller pole, ranging
from 0.20 to 0.01rad/s. For each value the largest damping ratio
for the closed-loop dominant pole was determined. Figure 12
shows such a selection. Plotting (Fig. 13) the damping ratio and
dominant discrete closed-loop pole versus the K/K, ratio
yielded an optimal gain selection of an overall system gain of
0.904 and a K/K,, ratio of 0.02.

With two potential core tip length control schemes defined,
simulation studies were conducted to evaluate the efficacy of
the approaches.
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Fig. 10: Discrete domain root locus for the open-loop
core tip length transfer function with the embedded

temperature control.
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Fig. 11: Stability limits for discrete domain root loci
for the open-loop core tip length transfer function
with Pl controller.
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Fig. 12: Discrete domain root locus for the core tip
length transfer function with Pl controller. Controller
pole (K;Kp) value is 0.02.
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Fig. 13: Damping ratio and dominant system pole for

the closed-loop core tip length transfer function with
Pl controller vs. controller pole (K;K,)

SIMULATION AND RESULTS

Figure 14 presents the simulated closed-loop response for
core tip length and core substrate temperature as functions of
time, using the proportional controller designed to regulate the
core tip length. There was a small, steady state error in core tip
length.. The mismatched axial growth rates for the clad and
core axial depositions (60-mm/h and 65-mm/h, respectively)
were modeled in all simulations. The process was able to
achieve a constant core length, after a period of time in both
cases.

The steady state error was eliminated with PI controller as
seen in Fig. 15. By increasing the integrator gain the error for
the core tip length can be brought to zero faster, causing some
additional oscillation in temperature and core tip length.

Modeling of filtered (0.15 Hz) random sensor noise of
+0.02mm for the core tip length sensor yields substantial
disturbances in the core temperature. (See Fig. 16.) However,
this sensor and temperature disturbance does not translate to the
significant core length variation. The Pl-control removes the
small steady state error present in the P-control.
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Fig. 14: Closed-loop response of VAD process: core
tip temperature (top); core tip substrate temperature
(bottom) with a proportional control gain magnitude
of 5355°C/mm (overall system gain of 0.073).
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Fig. 15: Closed-loop response of VAD process: core
tip temperature (top); core tip substrate temperature
(bottom) a proportional control gain magnitude of
6630°C/mm and an integral gain ratio of 0.020.
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Fig. 16: Simulation of closed loop system with sensor
noise: sensor noise (top), temperature (middle), core
tip length (bottom). Closed-loop response with PI-
control of the core temperature control in the
cascaded control scheme

CONCLUSION

A closed-loop scheme for cascaded control of core tip
length and core substrate temperature has been modeled and
simulated. A marked decrease in the potential for mismatch
between core and clad soot deposition rates underlying soot
core tip variations is demonstrated by the model. The control of
the core tip length forces the deposition rates of the core and

clad to be matched. The simulated model results indicate a
significant potential improvement in the obtainable geometry of
soot preforms. The cascaded-controller proposed appears to be
relatively uncomplicated to implement.

No actuator saturation has been observed in the system
model. Also, since the time constant of the controlled system is
relatively slow, a broad spectrum of controllers would be
suitable.

The achievable system performance of the proposed
control scheme may be less than predicted by the model, and
will be dependent on sensor noise, unmodeled disturbances, and
unmodeled system complexities. While a proportional control
of the core length appears adequate, a PI controller would offer
additional performance advantages to reduce the steady-state
error with less gain. The simulation studies raise further
modeling questions, and strongly suggest actual tests via
experimental implementation.
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